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To test the value of acceleration flow signals proximal to the 
leaking orifice in assessing the severity of prosthetic mitral valve 
regurgitation, 39 consecutive patients undergoing left ventriculog-
raphy were examined by Doppler color flow imaging. Acceleration 
flow signals proximal to the regurgitant orifice were detected in 27 
of the 31 patients who had prosthetic mitral regurgitation by left 
ventriculography (sensitivity 87% ). All four patients without 
acceleration flow signals had mild prosthetic mitral regurgitation 
by angiography. No acceleration flow signals were detected in any 
patient without prosthetic regurgitation by left ventriculography 
(specificity 100% ), Individual values of the maximal area of 
acceleration flow signals obtained from three orthogonal planes in 
seven patients with mild prosthetic mitral regurgitation by angi-
ography ranged from 0 to 17 mm2 (mean 4 ± 6). In 8 patients with 
moderate prosthetic mitral regurgitation by angiography, the 
Doppler echocardiography now plays an important role in 
the evaluation of cardiac valve prostheses (l-6). However, 
quantitative assessment of prosthetic valve regurgitation in 
the mitral position by use of Doppler left atrial mapping 
techniques is often difficult because of the flow masking 
behind the prostheses (7-9). Acceleration flow area of a jet is 
a laminar flow field located immediately upstream from the 
leaking orifice (10). Recently, preliminary reports (11, 12) 
have demonstrated that the regurgitant flow rate can be 
estimated in vitro by using Doppler color flow measurement 
of the acceleration flow region proximal to the leaking 
orifice. We (13) have also reported that measurement of 
acceleration flow signals is useful in assessing the severity of 
mitral regurgitation in patients with mitral valve prolapse. It 
is possible for the area of acceleration flow signals to be 
influenced by acoustic shadows from the prosthesis because 
the acceleration flow region is located between the trans-
ducer and the mitral prosthesis from the transthoracic ap-
proach. The purpose of this study was to test the value of 
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maximal area of acceleration flow signals ranged from 21 to 
58 mm2 (mean 33 ± 15), whereas the maximal area of acceleration 
flow signals in 16 patients with severe prosthetic regurgitation 
ranged from 20 to 173 mm2 (mean 102 ± 41). 
The maximal area of the acceleration flow signals from three 
planes correlated well with the angiographic grade of prosthetic 
mitral regurgitation. There was a significant difference in the 
maximal area of acceleration flow signals between mild and 
moderate (p < 0.001), moderate and severe (p < 0.001) and mild 
and severe (p < 0.001) prosthetic mitral regurgitation. 
Thus, measurement of acceleration flow signals by Doppler 
color flow imaging is useful in assessing the severity of prosthetic 
mitral regurgitation. 
(JAm Coli Cardio/1992;19:333-8) 
acceleration flow signals proximal to the leaking orifice in 
assessing the severity of prosthetic mitral regurgitation. 
Methods 
Study patients. The study group consisted of 39 consec-
utive patients (23 women and 16 men, mean age 51 years) 
with suspected prosthetic mitral valve regurgitation. All 
patients gave informed consent according to a protocol 
approved by the Human Studies Committee of the Kobe 
General Hospital. Twenty-seven patients had a Carpentier-
Edwards porcine bioprosthesis and 12 had a Bjork-Shiley 
mechanical valve. All patients underwent left ventriculogra-
phy. Eight patients had no prosthetic regurgitation proved 
by left ventriculography. Of the other 31 with prosthetic 
mitral regurgitation 21 had valvular regurgitation and 10 had 
paravalvular regurgitation. Eighteen patients were in New 
York Heart Association functional class Ill, 17 were in class 
11 and 4 were in class IV. Twenty-two patients had atrial 
fibrillation and the remaining 17 had normal sinus rhythm. 
Cardiac catheterization and angiography. In each patient, 
right- and left-sided cardiac catheterization, measurement of 
forward cardiac index, biplane left ventriculography and 
selective coronary angiography were performed in the stan-
dard manner. Forward cardiac output was measured by the 
Pick principle in all patients immediately before left ventric-
ulography. In nine patients with sinus rhythm and prosthetic 
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mitral regurgitation, angiographic stroke volume was calcu-
lated as the difference between end-diastolic and end-
systolic volumes with use of the area-length method of 
Dodge et al. (14). Angiographic cardiac output was derived 
by multiplying angiographic stroke volume by heart rate. 
Regurgitant volume was calculated by subtracting forward 
cardiac output from angiographic cardiac output. 
The angiographic severity of mitral regurgitation was 
graded according to the criteria of Nagle et al. (15): grade I 
or mild (n = 7), grade 11 or moderate (n = 8) and grade Ill or 
severe (n = 16). Angiography was performed after Doppler 
echocardiographic color flow examinations. The mean inter-
val between echocardiography and angiography was 1.5 
days (range 1 to 4). The angiograms were interpreted by 
consensus by two observers who did not know the results of 
the Doppler color flow examinations. 
Doppler color flow imaging. This was performed with a 
commercially available system (Toshiba SSH-160A or Aloka 
SSD-880) and a 2.5-MHz transducer. A pulse repetition 
frequency of 4 KHz and a high wall filter (cutoff frequency 
600 Hz) were always used. For each examination, care was 
taken to use an optimal gain setting, which was defined as 
the maximal gain level possible without introduction of 
signals outside of flow areas or onto tissue from an adjoining 
chamber. Parasternal long-axis, parasternal short-axis and 
apical four-chamber views were obtained in all patients. 
Acceleration flow signals were presented as a homogeneous 
bluish-green flow with a central zone that was yellow be-
cause of the aliasing of the Doppler frequencies. When the 
acceleration flow signals were identified, care was taken to 
detect the maximal area of acceleration flow signals by 
shifting and tilting the transducer. 
To evaluate the correlation between the size of accelera-
tion flow signals and the severity of prosthetic mitral regur-
gitation, the area of acceleration flow signals was measured. 
To compute the maximal area of acceleration flow signals in 
the orthogonal plane, real time images were stored in cine 
loop memory, permitting frame by frame review. Stop frame 
images were analyzed by an independent observer who was 
unaware of other patient data. By means of a software 
program already incorporated in the equipment, the outline 
of acceleration flow signals was traced with a trackball and 
the area of acceleration flow signals in the left ventricle was 
measured by computerized planimetry. For measurements 
of acceleration flow area, the values of three and five 
measurements were averaged in patients with sinus rhythm 
and atrial fibrillation, respectively. Because the amount of 
mitral regurgitation is dependent on the hemodynamic situ-
ation, heart rate and systolic blood pressure during each 
examination were compared. Mean heart rate was 79 ± 16 
beats/min at cardiac catheterization and 74 ± 13 beats/min at 
Doppler examination. Systolic blood pressure was 133 ± 25 
and 124 ± 22 mm Hg, respectively. Neither difference was 
significant. 
The severity of prosthetic mitral regurgitation was also 
assessed by conventional criteria described by Helmcke et 
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al. (16) for native valve regurgitation. The maximal area of 
the regurgitant signals in the left atrium was determined by 
planimetry and expressed as a percent of the left atrial area 
taken in the same frame in which the maximal regurgitant 
area was noted. If the maximal regurgitant area obtained 
from three orthogonal planes occupied <20%, 20% to 40% 
and >40% of the left atrium, prosthetic mitral regurgitation 
was classified as grade I (mild), grade 11 (moderate) or grade 
Ill (severe), respectively. 
Statistical analysis. The differences among groups for the 
variables studied were evaluated by analysis of variance and 
Scheffe's method for multiple comparisons. A Kruskall-
Wallis test was applied to assess the correlation between 
grading on the left ventriculogram and that on the Doppler 
color flow image. The acceleration flow area was compared 
with regurgitant volume by linear regression analysis. Inter-
and intraobserver variability in the quantitative assessment 
of the area of the acceleration flow signals in our laboratory, 
determined in 20 randomly selected patients, is 2.8% and 
4.4%, respectively. 
Results 
Acceleration flow signals (Fig. 1 to 4). Acceleration flow 
signals proximal to the regurgitant orifice were detected in 27 
of the 31 patients who had prosthetic mitral regurgitation by 
left ventriculography (sensitivity 87%) (Fig. 1 and 2). All four 
patients without acceleration flow signals had mild pros-
thetic mitral regurgitation by angiography. No acceleration 
flow signals were detected in any patient without prosthetic 
regurgitation by left ventriculography (specificity 100%). 
The maximal area of acceleration flow signals obtained from 
three orthogonal planes ranged from 0 to 17 (mean 4 ± 6) in 
7 patients with mild prosthetic mitral regurgitation by angi-
ography, 21 to 58 mm2 (mean 33 ± 15) in 8 patients with 
moderate prosthetic mitral regurgitation and 20 to 173 mm2 
(mean 102 ± 44) in 16 patients with severe prosthetic mitral 
regurgitation. The maximal area of the acceleration flow 
signals from three planes correlated well with the angio-
graphic grade of prosthetic mitral regurgitation. 
There was a significant difference in the maximal area of 
acceleration flow signals between mild and moderate (p < 
0.001), moderate and severe (p < 0.001) and mild and severe 
(p < 0.001) prosthetic mitral regurgitation (Fig. 3). There 
was also a significant correlation between regurgitant vol-
ume and area of acceleration flow signals in nine patients 
with sinus rhythm (r = 0.88) (Fig. 4). 
Regurgitant jet signals (Fig. 5 and 6). Regurgitant jet 
signals in the left atrium were detected in 28 of the 31 
patients who had prosthetic mitral regurgitation by left 
ventriculography (sensitivity 90%). In three patients without 
such regurgitant jet signals by Doppler color flow imaging, 
two had mild and one patient had severe prosthetic mitral 
regurgitation by angiography. No regurgitant jet signals in 
the left atrium were detected in any patient without pros-
thetic mitral regurgitation by left ventriculography (specific-
JACC Vol. 19, No. 2 
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ity 100%). Individual values of the percent of the jet area to 
the left atrial area ranged from 0% to 3.3% (mean 1.2 ± 1.2) 
in 7 patients with mild prosthetic mitral regurgitation by 
angiography, 2.5% to 24.3% (mean 8.3 ± 7.2) in 9 patients 
with moderate prosthetic mitral regurgitation by angiogra-
phy and 0% to 26% (mean 9.3 ± 8.4) in 15 patients with 
severe prosthetic regurgitation. 
Although there was a significant difference in the ratio of 
the jet area to the left atrial area between mild and moderate 
(p < 0.05) and mild and severe (p < 0.001) prosthetic mitral 
regurgitation, there was no difference in this ratio between 
moderate and severe prosthetic mitral regurgitation (Fig. 5). 
The conventional criterion using the ratio of the jet area to 
the left atrial area underestimated the severity of prosthetic 
mitral regurgitation (Fig. 6). 
Discussion 
Grading prosthetic mitral regurgitation. In the present 
study, we attempted to estimate the severity of prosthetic 
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Figure 1. Doppler color imaging (left, long-axis view; right, four-
chamber view) in a patient with severe bioprosthetic mitral regur-
gitation. Acceleration flow (arrows) is demonstrated at the left 
ventricular (LV) side of the Carpentier-Edwards valve in the mitral 
position. No regurgitant jet signals in the left atrium (LA) are 
demonstrated. Ao =aorta; RA= right atrium; RV= right ventricle. 
mitral regurgitation by using the size of acceleration flow 
signals detected by Doppler color flow mapping. Our data 
suggest that the extension of acceleration flow signals prox-
imal to the leaking orifice detected by Doppler color flow 
mapping correlates well with the angiographic grading and 
Figure 2. Doppler color imaging (left, long-axis view; right, short-
axis view) in a patient with severe mechanical prosthetic mitral 
regurgitation. Acceleration flow (arrows) is demonstrated at the left 
ventricular (LV) side of the Bjork-Shiley mechanical valve in the mitral 
position. The regurgitant jet area in the left atrium (LA) is relatively 
small becuase of the flow masking from the prosthesis. L VOT = left 
ventricular outflow tract; other abbreviations as in Figure 1. 
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Figure 3. Scatterplot of the maximal area of acceleration flow 
signals obtained from three orthogonal planes compared with left 
ventriculographic data in 31 patients. 
regurgitant volume. Conversely, the marked underestima-
tion of the severity of prosthetic mitral regurgitation by 
Doppler left atrial mapping criteria confirms that the left 
atrial mapping technique should not be used as the sole 
criterion for grading prosthetic mitral regurgitation. 
The acceleration flow region (1 0) of a jet is a symmetric 
laminar flow field located within the high pressure chamber 
immediately upstream from the regurgitant orifice. Theoret-
ically, the acceleration flow region might be expected to 
occur whenever flow moves from one chamber to another 
through a restricting orifice. Although the acceleration flow 
region is frequently observed proximal to a stenotic valve or 
other obstruction, it has been described less frequently 
(13,17). Although Bargiggia et al. (18) reported the useful-
ness of the flow convergence region in the detection of 
prosthetic mitral regurgitation, they had no data concerning 
Figure 4. Plots of acceleration flow area and regurgitant volume in 
nine patients with sinus rhythm. 
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Figure 5. Scatterplot of the maximal ratio of the regurgitant jet area 
to the left atrial (LA) area from three orthogonal planes compared 
with left ventriculographic data in 31 patients. 
the severity of prosthetic mitral regurgitation. To our knowl-
edge, studies concerning the evaluation of the severity of 
prosthetic mitral regurgitation by the use of acceleration flow 
signals have not been published. Assessment of the severity 
of prosthetic mitral regurgitation by transthoracic Doppler 
color flow imaging is often difficult because of the flow 
masking behind the prostheses (8, 19). In contrast, accelera-
tion flow might be independent of the flow masking behind 
the prostheses because it is located immediately upstream 
from the regurgitant orifice (between the transducer and 
mitral prosthesis) from the transthoracic approach. 
Doppler ultrasound techniques to evaluate mitral regurgi-
tation. Pulsed and continuous wave Doppler ultrasound 
techniques are useful in the detection of native and pros-
thetic mitral valve regurgitation (1-6). Doppler color flow 
imaging provides a spatial display of mitral regurgitation 
(16,20-23), but there are few data on the quantitation of 
prosthetic mitral regurgitation (19,24). Previous authors 
Figure 6. Severity of prosthetic mitral regurgitation determined by 
left atrial Doppler color flow mapping criteria compared with left 
ventriculographic data in 39 patients. Prosthetic mitral regurgitation 
was classified as grade I (mild), grade 11 (moderate) or grade Ill 
(severe) by Doppler color flow imaging if the maximal regurgitant 
area obtained from three orthogonal planes occupied <20%, 20% to 
40% and >40% of the left atrium, respectively. Eight patients had no 
regurgitation on both ventriculography and Doppler study . 
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have measured the jet length, width, area and jet area: left 
atrial area ratio in studies of native mitral valve regurgita-
tion. Jet length, width and area have demonstrated poor to 
fair correlation with angiographic assessment of mitral re-
gurgitation severity. Helmcke et al. (l6) demonstrated im-
proved correlation between the angiographic assessment of 
mitral regurgitation and jet area (the maximal area from three 
orthogonal planes) normalized for left atrial area. They used 
this method in patients with prosthetic mitral regurgitation 
and preliminary data (l9) demonstrated a good correlation 
with left ventriculography. In an in vitro model, Sprecher et 
al. (8) demonstrated that regurgitant flow through a pros-
thetic valve was masked when the valve was interposed 
between the ultrasound source and the chamber being inter-
rogated. The phenomenon of flow masking behind prosthetic 
valves may be explained by the fact that these valves are 
constructed from a variety of materials, including metals, 
plastics and differing types of synthetic cloths or preserved 
tissues that likely have widely different acoustic reflective 
and absorptive properties. There are few clinical data avail-
able specifically describing these phenomena created by 
prosthetic valves. Compared with left ventriculography, 
Nellessen et al. (25) reported that there was underestimation 
of the grade of prosthetic mitral regurgitation by trans-
thoracic Doppler color flow mapping in 8 of 11 patients 
studied. Our present study also demonstrated that there was 
marked underestimation of the severity by use of left atrial 
Doppler color flow mapping criteria. 
Another potential limitation of Doppler color flow imag-
ing analysis of the jet area in the left atrium is the direction 
of the regurgitant jet itself (26). In patients with prosthetic 
mitral regurgitation, the regurgitant jet is often eccentric. 
Eccentricity can lead to underestimation of the grade of 
regurgitation as a result of the prosthetic regurgitant jet 
impinging on the left atrial walls. Because the acceleration 
flow region used in our method is located in the high pressure 
chamber upstream from the regurgitant orifice, this region 
seems to be completely independent of the direction of the 
jet, even in the presence of a high degree of eccentricity. 
Study limitations. Our study has some important limita-
tions. Although we compared the size of the acceleration 
flow signals detected by Doppler color flow echocardiog-
raphy with angiographic grading, it must be recognized that 
angiography itself has significant limitations, including vari-
ability of the position of the catheter within the left ventric-
ular cavity, volume and rate of injection of contrast medium, 
left atrial volume in which the regurgitant contrast is diluted 
and the volume of forward flow that partly determines its 
clearance. It is possible that some of the discrepancies noted 
between Doppler col or flow and angiographic grading of the 
severity of mitral regurgitation might be caused by the 
different loading conditions present at the time of cardiac 
catheterization in the patient who has been premedicated or 
sedated. 
Inter- and intraobserver variability were quite acceptable 
for measurements of acceleration flow region in our patients. 
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In our experience, small variations in color gain do not 
produce any change in the regurgitantjet area; however, an 
excessive decrease in gain might produce a significant reduc-
tion in the acceleration flow area because of the elimination 
of lower velocities. In addition, a variety of technical factors 
inherent in the performance of Doppler color flow imaging 
are capable of influencing the size of acceleration flow 
signals, including pulse repetition frequency, angle of inci-
dence and limitations of the instrumentation to record low 
flow velocities. 
Conclusions. Our findings indicate that Doppler color 
flow imaging is useful in the detection of the acceleration 
flow region of a jet in patients with prosthetic mitral regur-
gitation. The extention of acceleration flow signals proximal 
to the regurgitant valve detected by Doppler color flow 
imaging predicts the severity of prosthetic mitral regurgita-
tion as determined by angiography. 
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